ABSTRACT: Data from two experiments were used to study the relationship between weaning-to-estrus interval (WEI, varying from 3 to 6 d ) and the duration of estrus, the interval from onset of estrus to ovulation and fertilization results at 120 h after ovulation, in 201 multiparous sows. An increase in WEI resulted in a decrease in the duration of estrus (Duration of estrus ( h ) = [81 (exp1) or 88 (exp2)] − .33 × WEI, R 2 = .25, P < .001) and a decrease in the interval from onset of estrus to ovulation (onset estrus to ovulation ( h ) = [54 (exp1) or 59 (exp2)] − .20 × WEI, R 2 = .23, P < .001). Sows that were inseminated between 0 and 24 h before ovulation showed consistent high fertilization results (91% normal embryos), irrespective of WEI. Sows that were inseminated outside this range showed an increased proportion of unfertilized eggs ( P < .001). This increase occurred similarly in all weaning to estrus intervals. These results suggest that negative effects of a longer WEI on subsequent litter sizes and farrowing rates as described in literature might be a result of suboptimal timing of insemination relative to ovulation and not of poor fertility in these sows.
Introduction
Negative correlations between weaning-to-estrus interval ( WEI, varying from 4 to 9 d ) and subsequent litter size and farrowing rate have been found in large data sets by several authors (Leman, 1990; Dewey et al., 1994; Vesseur et al., 1994) . Vesseur et al. (1994) showed that these negative effects of WEI on litter size and pregnancy rate were not related to parity or breed. An explanation for the decrease in litter size and farrowing rate at increasing WEI might be that these sows are less fertile (Dewey et al., 1994) . However, estrus expression, estrus length and timing of insemination relative to ovulation might play a role in this phenomenon. Rojkittikhun et al. (1992) and Weitze et al. (1994) showed that duration of estrus decreases at longer WEI. Weitze et al. (1994) showed that the interval from onset of heat to ovulation (as assessed by ultrasonography) also decreases with increasing WEI. Soede et al. (1995b) showed that optimal fertilization results are found in sows that are inseminated between 0 and 24 h before ovulation. Insemination of sows outside this range will result in a decreased fertilization rate and therefore a lower number of normal embryos. Combining the above mentioned data, one can hypothesize that applying insemination at a fixed time after onset of estrus results in a suboptimal insemination time for sows coming into estrus later after weaning. The decrease in terms of subsequent farrowing rate and litter size from sows inseminated at longer WEI could (at least partly) be explained.
Data from two experiments were used to study the relation between WEI and interval from onset of estrus to ovulation and to study fertilization results of sows with variable WEI, taking into account the interval between insemination and ovulation.
Materials and Methods
Data are used from two experiments (Soede et al., 1995 a,b) . Experiment 1 was designed to describe effects of time of insemination relative to ovulation, as determined by ultrasonography, on fertilization rate and accessory sperm count in sows. Experiment 2 was designed to study whether a second insemination after ovulation affects fertilization rate and accessory sperm count in sows. From Experiment 2, only data of sows that were inseminated once are used. The experimental procedures in both experiments are similar and are described below.
Animals and Housing. Every 2 wk, on average 10 sows were obtained at the day of weaning (weaning at approximately 1100 h at Friday, at about 24 d postpartum). On arrival at the experimental farm, the sows were housed individually in stalls and received approximately 2.5 kg of a commercial sow diet (12.9 MJ ME/kg) daily and water with ad libitum access. Experiment 1 consisted of 198 sows and Experiment 2 consisted of 72 sows that were inseminated once.
The numbers of sows from parity 1 through 5 were 12, 103, 83, 66 and 6, respectively. The sows came from three composite lines ( Estrus Detection. Estrus detection was performed at intervals of 8 h from approximately 61 h after weaning onwards. The boar was taken in front of the sows allowing nose-nose contact and the back pressure test was performed. The time of onset of estrus was defined as the first time the sow showed a standing response minus 4 h. The time of end of estrus was defined as the last time the sow showed a standing response plus 4 h.
Insemination. At a variable time from onset of estrus (average 24 ± 14 h, range 4 to 61 h), sows were taken to the boar pen and artificially inseminated once with a commercial dose of 3 × 10 9 sperm cells (which was a composite of three boars) in front of the boar. Sperm age at insemination varied between 12 and 38 h and averaged 24 ± 6 h.
Ovulation Detection. Transrectal ultrasonography was performed starting at approximately 70 h after weaning to check for large follicles (> 4 mm) or the presence of corpora lutea. From 16 h after onset of estrus onwards, transrectal ultrasonography was performed at intervals of 4 h to assess the moment of ovulation. An annular array sector scanner (type 150V, Pie Medical b.v., Maastricht, The Netherlands) with a 5-to 7.5-MHz multiple scan angle transducer was used. During scanning, the presence or absence of pre-ovulatory follicles (diameter of antrum >4 mm) was determined. Time of ovulation was defined as the first time of zero follicle count minus 2 h. When the follicle count was not zero but was noticeably lower than before, ovulation was assumed to have just started ( t = 0), because ovulation, thus assessed, takes on average 2 h in spontaneously ovulating sows (Soede et al., 1992) . Ovulation was confirmed by one additional scanning 4 h later. Frequent scanning around ovulation has no apparent effect on fertilization (Soede and Kemp, 1993) .
Embryonic Development. Sows were slaughtered at 120 ± 6 h (106 to 136 h ) after ovulation. The number of corpora lutea was counted on both ovaries. Each oviduct was flushed with 15 mL of Dulbecco's PBS ( DPBS) from the infundibulum into the uterus. Thereafter, the oviduct was separated from the uterus and each uterine horn was flushed twice with 30 mL of DPBS to collect the embryos and oocytes. Recovery rate was determined as the percentage of embryos plus oocytes recovered based on the corpus luteum count. The quality and morphological status of the recovered embryos and oocytes were assessed (magnification 60×) . Thereafter, embryos and oocytes were subjected to hypotonic treatment (0.6% [wt/vol] KCl solution, 0°C, 10 min) and subsequently placed on a fat-free glass slide. Small droplets of methanol-acetic acid (3:1, vol/vol) were added until disruption and spreading of the embryo (generally 1 cm 2 ) , which enables counting of the nuclei using a microscope (magnification 200×) after drying and staining with 10% Giemsa in PBS (Soede et al., 1992) . A nucleus count of zero or one was considered an unfertilized oocyte. Embryos with a degenerated morphological appearance together with a low number of nuclei were considered "degenerated;" others were considered "normal" embryos. Fertilization rate and rate of normal and degenerating embryos were determined based on the total number of recovered embryos plus oocytes.
Analyses of Data.
To detect whether duration of estrus and interval from onset of estrus to ovulation were related to WEI, one-way linear regressions were performed using experiment as a correction factor (using SAS-GLM; SAS, 1989) .
To study the effect of WEI on embryo status (unfertilized, degenerated, and normal embryos per litter), the proportions of unfertilized, degenerate, and normal embryos were subjected to arc sine transformation (Snedecor and Cochran, 1989) and subsequently analyzed in a model using the GLM procedure of SAS (1989) containing the factors using experiment, WEI, insemination to ovulation interval, and their interaction terms. The factor insemination to ovulation interval consisted of three classes: >24 h before ovulation, 0 to 24 h before ovulation, and after ovulation. These arbitrarily chosen classes are based on results of Soede et al. (1995b) 
Results

Sows.
For this data analysis, sows were excluded for the following causes: they had corpora lutea at d 3 (lactational estrus) ( n = 18); onset of estrus was detected at 61 h after weaning ( n = 17); they had a silent estrus ( n = 5); they had inactive ovaries at d 6 ( n = 3); they had cystic ovaries at d 8 ( n = 7); their pelvis was too narrow to use transrectal ultrasonography ( n = 2); they were ill or had anatomical disorders ( n = 10). Therefore for analysis on estrus behavior 208 sows were used. Additionally, seven sows had ovulated before 24 h after onset of estrus and were not inseminated. Therefore, for analysis of fertilization results these sows were excluded. Therefore, 143 sows from Experiment 1 and 58 sows from Experiment 2 were used in the analyses on insemination results.
Weaning to Estrus Interval, Estrus, and Ovulation.
The weaning to estrus interval averaged 92 ± 1 h (range 65 to 145 h), and duration of estrus was 53 ± 1 h (range 24 to 88 h). Duration of estrus was 50 ± 1 h and 59 ± 2 h for Experiment 1 and 2, respectively ( P < .001). The interaction between experiment and WEI was not significant ( P = .27). The duration of estrus ( DUR) is negatively related to WEI; Exp. 1: DUR = 81 − .33 × WEI, Exp. 2: DUR = 88 − .33 × WEI ( R 2 = .25, P < .001; see Figure 1 ). The duration of estrus (as an average for both experiments) was 61 ± 2, 53 ± 1, 49 ± 2 and 38 ± 6 h for d 3, 4, 5, and 6 after weaning, respectively.
Ovulation took place at 37 ± 1 h after onset of estrus. This was at 71 ± 1% of the total duration of estrus, irrespective of WEI. The interval onset of estrus to ovulation was 35 ± 1 h and 40 ± 1 h for Experiments 1 and 2, respectively ( P < .001). The interaction between experiment and WEI was not significant ( P = .27). Interval onset of estrus to ovulation ( OOI) was negatively related to WEI; Exp. Table 1 show a decrease in onset of estrus to ovulation interval with increasing WEI. The percentages of the sows that ovulated more than an arbitrarily choosen 31 h after onset of estrus were 79, 76, 48 and 27% at a WEI of 3, 4, 5, and 6 d, respectively.
Fertilization Results of Sows with Different Weaningto-Estrus Intervals. Ovulation rates were 22.3 ± 0.4, 21.5 ± 0.4, 20.3 ± 0.6, and 21.4 ± 0.4 at WEI of 3, 4, 5, and 6 d, respectively. Differences were not significant ( P = .5). Recovery rate was 84 ± 1%, irrespective of WEI. Sows inseminated between 0 and 24 h before ovulation had similar percentages of normal embryos at 120 h after ovulation ( P = .7) regardless of WEI (mean percentage of normal embryos were 87, 92, 90, and 100 for sows with WEI of 3, 4, 5, and 6 d, respectively; Table 2 ). Sows inseminated more than 24 h before ovulation or after ovulation showed a lower percentage of normal embryos than did sows inseminated outside these limits, irrespective of WEI. There was no interaction between time of insemination and WEI ( P = .29). Experiment did not significantly ( P = .7) influence the percentage of normal embryos. The percentage of degenerated embryos was 4 ± 1 and was not affected by any of the factors or interaction terms in the model ( P > .25). The percentage of unfertilized eggs was 20 ± 2%. Similar to results on the percentage of normal embryos, this percentage was influenced only by insemination to ovulation interval. The percentages of unfertilized eggs were 39, 6, and 25% for sows inseminated more than 24 h before ovulation, 0 to 24 h before ovulation, and after ovulation, respectively (residual standard deviation of the model = 30%, R 2 = 22, P < .001).
Discussion
A gradual decrease in duration of estrus and moment of ovulation after onset of estrus was found when WEI progressed from 3 to 6 d. At d 3 after weaning, duration of estrus and interval onset of estrus to ovulation were 61 ± 2 and 41 ± 1 h, respectively, whereas at d 6 after weaning, duration of estrus and the interval from onset of estrus to ovulation were 38 ± 6 and 27 ± 4 h, respectively. Rojkittikhun et al. (1992) showed that duration of standing estrus in presence of a boar decreased significantly from 2.4 d (58 h ) at a WEI of 3 to 4 d to 1.9 d (45 h ) at a WEI of 6 to 8 d. Weitze et al. (1994) showed that duration of estrus significantly decreased from 72 h for sows with a WEI of < 93 h ( 4 d ) to approximately 50 h for sows with WEI of 107 to 120 h (4.5 to 5 d). Weitze et al. (1994) found that sows with a WEI of less than 93 h had an interval from onset of estrus to ovulation of 53 h, and sows with a WEI of 107 to 120 h had a interval from onset of estrus to ovulation of 39 h. The present results show that the fertilization results are dependent on the moment of insemination relative to ovulation, irrespective of WEI. Insemination outside the range of 0 to 24 h before ovulation will result in more unfertilized oocytes as was already shown by Soede et al. (1995b) . Nissen et al. (1996) found that insemination in a suboptimal period (> 24 h before ovulation or after ovulation) resulted in a lower farrowing rate and a lower litter size. The lowered fertilization rate of d 5 embryos observed in this experiment when sows were inseminated in suboptimal periods would likely result in lowered farrowing rate and litter size.
Insemination strategies on the farm are based on the onset of estrus. Usually, sows are inseminated at a relatively fixed time after onset of estrus. Assuming a fixed timing of insemination 24 h after onset of estrus and that insemination between 0 and 24 h before ovulation will give optimal results, one can calculate from Table 1 the number of sows per WEI that are inseminated too early (> 24 h before ovulation), too late (after ovulation), and on time (at 0 to 24 h before ovulation). This calculation shows that an increase in WEI results in an increase in percentage of sows inseminated too late and a decrease in percentage of sows inseminated too early. For sows inseminated at d 3 after weaning, 70% of the sows are inseminated at the optimal period 0 to 24 h before ovulation, 22% of the sows are inseminated too early, and 8% of the sows are inseminated too late. At d 6, however, only 45% of the sows are inseminated at the optimal period, 9% of the sows are inseminated too early, and 45% too late. The best results of this simulated insemination strategy are found at d 4 after weaning, with 86% of the sows inseminated at the correct interval. On this day, 56% of the sows came into estrus. Leman (1990) , Dewey et al. (1994) and Vesseur et al. (1994) showed a subsequent decrease in litter size and farrowing rate when WEI was increasing. Leman (1990) analyzed data of 12,557 sows on 66 farms and found a consistent decrease in subsequent total piglets born from 10.5 to 9.6 in sows serviced between d 3 and 8 after weaning. Farrowing rate decreased from 90% to 76% in sows serviced between d 3 and 9 after weaning. Data analyses of Dewey et al. (1994) showed similar results. Weaningto-estrus interval had no apparent effect on fertilization results in our study when fertilization results were corrected for insemination to ovulation interval. Our data suggest that the decrease in farrowing rate and litter size in sows with a longer WEI might be explained by an increasing category of sows inseminated too late. Such negative effects could be prevented by an earlier insemination after onset of estrus by inseminating all sows twice. When sows are inseminated twice, the first insemination should be done at an earlier time after onset of estrus. For some sows a second insemination will have no effect because it will take place after ovulation. However, no adverse effects were found from a second insemination after ovulation (Soede et al., 1995b) .
Data from this study give no indication that sows that have a longer WEI (at least within the range of 3 to 6 d ) are less fertile. However, our data are based on fertilization results at d 5, and it can not be excluded that sows with longer WEI have an increased embryonic mortality after d 5 of pregnancy. To our knowledge, there have been no studies on the relation between WEI and embryonic mortality in which an adequate correction for insemination to ovulation interval was done. Leman's data regarding the relation of WEI and fertility (Leman, 1990) may be confounded with boar fertility, because later bred sows in a group of weaned sows tend to be mated to boars that had more services and may have lower fertility because of overuse. However in the data of Vesseur et al. (1994) , this could not be the case because artificial insemination was used. Controlled studies with adequate numbers of animals are required to answer the question of whether sows at long intervals are less fertile. An important question is whether sows that display a long WEI differ in any physiological aspect from sows that display a short WEI. Shaw and Foxcroft (1985) showed that sows with a WEI of 6 d had a lower LH pulsatility around weaning compared with sows showing first estrus at d 4. This indicates that sows with a longer WEI have a slower onset of the follicular phase after weaning. Whether a slower onset of the follicular phase affects reproductive hormone profiles at estrus or early embryonic mortality is not clear. Results of Soede et al. (1994) demonstrate that timing of preovulatory LH surge, ovulation, and rise of progesterone are strongly related with each other, irrespective of WEI. Rojkittikhun et al. (1992) found that the interval between the rise of estradiol-17b and the onset of estrus was longer in sows with a prolonged WEI, suggesting that these sows were less sensitive to estrogen as a trigger of estrous behavior. The present study indicates that when inseminations are properly timed, fertility to d 5 seems unaffected by WEI, but further research is needed to determine whether embryonic mortality and litter size after d 5 are affected by WEI when inseminations are properly timed.
Implications
Data suggest that lower litter sizes and lower farrowing rates in sows with a longer weaning-toestrus interval (within the range of 3 to 6 d ) as found in large data sets may be explained (at least partly) by a suboptimal insemination time and not by poor fertility of these sows. Sows with longer weaning-toestrus intervals ovulate earlier after onset of estrus and should therefore be inseminated earlier after onset of estrus than sows with shorter weaning-toestrus intervals.
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